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ABSTRACT 

The recent growth of industrial computed tomography (CT) scanning systems facilitates 
volumetric data acquisition for a complete industrial component in a non-destructive 
manner. One of potential applications of this technology is reverse engineering. Reverse 
engineering is a process to reconstruct a computer-aided design (CAD) model from the 
scanned data of an object. However, reconstructing a CAD model from industrial CT-
scanned data involves many problems. (1) A stack of CT images from industrial CT 
scanning systems is very dense (2) The industrial CT image is very noisy (3) The 
surface topology of a scanned industrial component is unknown. Moreover, a 
reconstructed CAD model should be compatible with the industrial application.       

This dissertation presents a CAD model reconstruction method from industrial CT-
scanned data for reverse engineering purposes. We focus mainly on solving the problem 
to reconstruct a CAD model from industrial CT-scanned data. This problem can be 
separated into two main problems. The first problem is to generate the point cloud and 
feature point from industrial CT-scanned data. For this problem, we proposed the 
method to generate the point cloud and feature points without a polygon meshes model 
generation. The point cloud is generated by interpolating the coordinates of surface 
voxels with CT values. For the feature point generation, the 3D mask convolution is 
applied to detect the feature voxels. The second problem is to reconstruct surfaces from 
the generated point cloud and feature points. As the intention of advanced product 
design and modification, the primitive shape parameters need to be recovered. For this 
reason, two integrated solutions, namely surface feature-based strategy and geometric 
primitive feature-based strategy, are applied to reconstruct the surfaces. Finally, 
modeling operations such as surface trimming and surface deformation were performed 
to generate the final model.  

A variety of industrial components were tested to demonstrate the applicability of our 
proposed method. We also conducted an experiment to evaluate the accuracy of our 
method. The experiment result indicates that the proposed method can recover the 
primitive shape parameter with the error less than 1.0 × 10–2 mm. This result is very 
useful for the redesign or modification application in the CAD manufacturing.   
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CHAPTER 1  

INTRODUCTION 

1.1 Motivation 

In many manufacturing, much effort is put into the design and prototyping process of a 
new product. During the design and prototyping processes, the stylists formalized their 
idea by making a physical model. The geometrical shape of the created physical model 
must be translated into electronic form in a computer-aided design (CAD) system using 
reverse engineering process for further design and redesign.  

Reverse engineering is a process used to reconstruct a CAD model from an existing 
industrial component during design and prototyping process by using the scanned data for 
redesign or modification. The reverse engineering process starts from digitizing the 
geometrical shape of the industrial component and then the point cloud are used to 
reconstruct a CAD model. A detailed review of the reverse engineering process has been 
provided by Varady et al. [1]. In the conventional approaches, laser scanners or optical 
range imaging systems were widely used to digitize the geometrical shape of an industrial 
component. When the point cloud is available, a polygon meshes model generation is 
applied and the generated polygon meshes model is subdivided into to small quads. 
Finally, surfaces are fitted to the small quads and combined together to generate the final 
watertight model. 

The recent growth of industrial computed tomography (CT) scanning systems facilitates 
volumetric data acquisition for a complete industrial component in a non-destructive 
manner. The industrial CT scanning systems have many applications in scientific 
examination under the manufacturing environment, i.e. measure the dimension of the 
inaccessible geometrical shape, inspect the assembly part or statistical investigate the 
material properties of industrial component.   

One of the most important potential applications of this technology is for reverse 
engineering process where the main objective is to reconstruct a CAD model from an 
industrial CT-scanned data. Many CAD industrial manufacturing shows a very strong 
interest in this possibility that industrial CT scanning system can offer. Using this 
technology, CAD industrial manufacturing can improve the processing time and the 
productivity. Thus many CAD industrial manufacturing can realize substantial competitive 
advantages of this technology.   

However, reconstructing a CAD model from industrial CT-scanned data involves many 
problems. Therefore, a CAD model reconstruction method from industrial CT scanned data 
needs to be developed. In this dissertation, we developed a semi-automatic method for 
reconstructing a CAD model from industrial CT-scanned data for reverse engineering 
purposes. 

1.2 Statement of the Problem  

At present, industrial CT scanning systems are developing rapidly, and they can now be 
used to acquire volumetric data from a complete industrial component in a non-destructive 
manner in the manufacturing environment. A potential application of this technology is for 
reverse engineering application where the main objective is to reconstruct a CAD model 
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from an industrial CT-scanned data. However, reconstructing a CAD model from industrial 
CT-scanned data is very difficult because industrial CT scanning systems acquire a dense 
stack of CT images of the scanned industrial component. For example, the industrial CT 
scanning system often acquires over 100 CT images for typical industrial components and 
the CT images are very high resolution. Moreover, if a polygon meshes model is used 
during the reconstruction of a CAD model, the following problems arise.   

• Surface quality: After a polygon meshes model construction, the constructed 
polygon meshes model requires a number of expensive optimization steps, such as 
hole-filling [2], smoothing [3] [4], and decimating [5] [6], because it suffered from 
artifacts at high curvature features. Moreover, an imperfect polygon meshes model 
leads to the production of anomalies during the surface reconstruction process.  

• Data structure and algorithm for data handling: The data structure of a polygon 
meshes model uses a larger memory than a point cloud to maintain additional 
information, e.g., faces, edges, and neighborhood information. The larger data 
structure also needs to be handled using a complex algorithm [7].  

• Rendering and editing: The polygon mesh represents a model with a large data 
memory foot print, so the runtime may hinder interactive processing, e.g., 
interactive rendering and editing. 

Therefore, the industrial motivation is to reconstruct a CAD model from scanned data 
without using a polygon meshes model [8].   

The problem is particularly difficult when we have to deal with the noises in the industrial 
CT-images. Complete volumetric data can be acquired from the scanned components 
during the CT scan, but edges of the scanned model cannot be captured clearly in the CT-
images. To detect the feature point of the scanned model for surface reconstruction 
process, we use the three dimensional (3D) mask convolution for the noises removing and 
feature detection.   

With the introduction of feature-based representation, there exist mainly two approaches 
for model reconstruction: the boundary representation (B-rep) approach [9] and the feature 
template approach [10] [11]. However, the B-rep approach is not easy to apply to 
complicated freeform surface components and the feature template approach cannot be 
directly generalized to reverse designed for general industrial components. Moreover, they 
do not reveal the overall information on the primitive shape of the reconstructed model, 
which is very important for many CAD applications. 

As the intention of advanced product design, an industrial component is designed by 
combining geometric primitives like plan, sphere, cylinder and freeform surfaces. 
Furthermore, for the redesign and modification application, the primitive shape parameters 
(e.g. radius and center) and relations between different parts are required [12]. So, a CAD 
model reconstruction process should extract the primitive shape parameters, and then uses 
them to construct a surface. Thus, we integrated the surface feature-based solution and 
geometric primitive feature-based solution in our method to reconstruct a CAD model for 
reverse engineering application.  

It might be preferable to have a fully automatic reverse engineering system without human 
interaction, but we consider that it is very important to have some human interaction. For 
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example, if we are given a scanned data of a cylindrical surface, it is easy to recognize the 
surface type for human and we will successfully fit a cylindrical surface to the scanned 
data. For the computer, this sort of task is very crucial because it is very difficult to classify 
the surface type, which has a significant effect on the quality of the reconstructed CAD 
model. This is why the model reconstruction method should have human interaction. 

1.3 Objectives and Scope 

This dissertation focuses mainly on solving the problem to reconstruct a CAD model from 
industrial CT-scanned data for reverse engineering application. This problem can be 
separated into two main problems. The first problem is to generate the point cloud and 
feature point from industrial CT-scanned data and the second problem is to reconstruct 
surfaces from the generated point cloud and feature point. However, four objectives are 
listed as follows:   

1. The outcome of this dissertation is a software framework leads to a paradigm shift 
of a CAD model reconstruction method from the industrial CT-scanned data for 
reverse engineering application in the term of efficiency, robustness, accuracy and 
processing time. 

2. To develop the method for generating the point cloud and feature points from the 
industrial CT-scanned data without a polygon meshes model construction. 

3. To integrate the surface-feature solution and geometric primitive-feature solution in 
our method to reconstruct a CAD model for reverse engineering application.   

4. The developing method is validated with a variety of CT scanned data of industrial 
components to demonstrate the applicability of the method.   

By introduce the method for reconstructing a CAD model from industrial CT scanned data 
for reverse engineering; this dissertation aims to give the potential application of CT scan 
as powerful tool for generating the CAD model for the reverse engineering application.  

1.4 Principal contribution 

In this dissertation, the method for reconstructing a CAD model from industrial CT-
scanned data for reverse engineering purposes is developed and tested with a variety of 
industrial components. The proposed method directly uses the coordinates of surface voxel 
for reconstructing a CAD model without the polygon meshes model generation and the 
reconstructed CAD model, which is constructed by the geometrical primitive and surface 
feature, is compatible with the CAD application. Moreover, the advantages of our method 
are as follows.  

• The method reveals the overall information of primitive shape: This method can be 
applied to redesign and modification applications that in which the primitive shape 
parameters and the relationships between the different parts are required.  

• The combination of surface feature-based and geometric primitive feature-based 
solutions: This method can reconstruct all types of industrial components that may 
comprise primitive shape and freeform surfaces. 
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• Time saving: Our method reconstructs a CAD model from industrial CT-scanned 
data directly without creating a polygon meshes model. Thus, our method does not 
need to waste the processing time for reconstructing and optimizing the generated 
polygon meshes model, which accounts for two-thirds of the processing time 
required by the previous approach [8].   

• Quality of the final surface: Our method allows the CAD modeler to design, correct 
mistakes, experiment with different surface configurations, and to control the 
tolerance errors of critical features. Manual organization of surface structure is 
performed to obtain the optimal surface layout. To control the tolerance error, the 
optimization strategy iterates until some fitting tolerance parameter is achieved in 
the surface reconstruction step.  

1.5 Structure of the dissertation  

The Chapter 2 starts with the overview of CT-scanning system and related works, then 
present the survey of commercial software and the earlier work. In the Chapter 3, the 
method for reconstructing a CAD model from industrial CT-scanned data and the 
implementation are explained. The CAD model reconstruction process, processing time as 
well as numerical result will be described in the Chapter 4. Finally, the Chapter 5 finalizes 
and summarizes this research and points out possible further work.    
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CHAPTER 2  

LITERATURE REVIEW 

The main objective of this research is to develop a CAD model reconstruction method 
from industrial CT-scanned data for reverse engineering purposes. In this chapter, we 
discuss about the overview of industrial CT-scanning system and reverse engineering, 
related works and the survey of the existing commercial software. 

This chapter is organized as follows: we begin this chapter with the overview of the 
industrial CT-scanning system, the characteristics of industrial CT-scanned data and the 
overview of reverse engineering process. Then, the survey of the existing commercial 
software is presented in the section 2.3. In the section 2.4 and section 2.5, we discuss about 
the previous works on feature detection and point selection algorithm. Finally, the 
fundamental of surface and surface continuity are given in the section 2.6 and 2.7 
respectively. 

2.1 Industrial computed tomography scanning system 

The principal benefit of using CT-scanning system for digitization is that we can obtain a 
complete volumetric data with both external and internal surfaces of the scanned model 
without destroying it. Moreover, the CT-scan system works with any surface, shape, color 
or material, up to a certain density and/or thickness penetrable with X-rays.   

 

Figure 2.1 An example of industrial CT-scanning system 
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Industrial CT-scanning system produces a stack of 2-dimensional (2D) CT images taken at 
specific intervals around the scanned model. Generally, the industrial CT-scanning system 
uses three principal components (see Figure 2.1): an X-ray tube, an X-ray detector, and a 
rotational stage. The CT-scanning system is usually enclosed within a radiation shielding 
steel/lead/steel cabinet that typically ranges between four and ten feet cubed.  

The CT-images taken during this step are saved directly into a single folder, which will be 
used in the next step of the process. The example in Figure 2.2 shows CT-values of one 
slice from a volumetric data of a phantom model (an industrial component), where the CT 
value is in the range of [0, 65535].  

 

Figure 2.2 CT-images of industrial component (phantom model) and CT-values of 
one slice 

For the other examples of CT-image from industrial CT-scanning system, the CT-images 
are shown in the Figure 2.3 (phantom model).  

    
(a)       (b) 

Figure 2.3 Examples of CT-images from the industrial CT-scanning system [Phantom 
model]. (a) A-CT image [Slice No. 230]. (b) A-CT image [Slice No. 125] 

6 
 



 
(a) 

 
(b) 

Figure 2.4 Volumetric data and the constructed polygon mesh model (a) Volume data 
(b) The constructed polygon mesh model (923,043 points and 1,843,634 polygons) 
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In our research, the four characteristics of industrial CT-scanned data are: 

1. The CT-scanned data is very dense: An industrial CT-scanning system produces a 
huge amount of three-dimensional (3D) voxels volume data. For example, the 
resolution of the CT-scanned data for the master cylinder model (see Figure 4.10) is 
1024 pixels × 1024 pixels × 100 images (rows × columns × heights).  

2. The resolution of the CT scanned data is depended on the actual dimension of the 
scanned model: The resolution of the CT scanned data is depended on the 
complicated geometry and the actual dimension of the scanned industrial 
component. For example, the resolution of the CT-scanned data for the master 
cylinder model is 1024 pixels × 1024 pixels × 100 images (rows × columns × 
heights) and the resolution of the CT-scanned data for the phantom model is 250 
pixels × 250 pixels × 250 images (rows ×columns × heights).      

3. The industrial CT-scanned data is very noisy: Generally, the industrial CT-scanned 
data have many noises. Therefore, the feature line or edges of the scanned industrial 
component cannot be captured clearly in the CT-images. 

4. Unknown the surface topology of the model: The industrial CT-scanned data is a 
set of CT images that a surface description of the scanned model of the industrial 
component is undefined i.e. the input data set is of unknown the surface topology. 

For visualization, a stack of CT images must be transformed to a 3D volume voxel, 3D 
image. Then, a polygon meshes model is generated by using the Marching Cube method 
[13]. The generated polygon meshes model can be used to represent the model on a screen 
(see Figure 2.4). As you can see in the Figure 2.4 (b), the generated polygon meshes model 
is imperfect and the rendering time hinder any interactive processing.    

2.2 Reverse engineering 

In many CAD industrial manufacturing, an industrial component is designed on the shop 
floor instead of on the computer screen and the prototype is represented by the created 
physical model. Reverse engineering is a process to create a CAD model when the 
prototype is created or modified on the shop floor and when the CAD model does not exist. 
Therefore, there are increasing requires to reconstruct a CAD model of industrial 
components in CAD industrial manufacturing. 

Many algorithms have been proposed for reconstructing a CAD model [12] [14] [15] [16] 
[17] [18] [19] [20] [21] [22] [23]. These methods can be classified, as in [12], to surface-
based method and feature-based method. In the surface-based method, the method fits 
freeform surfaces onto a point cloud, for example Milroy et al. [14] and Krishnamurthy et 
al. [15]. However, the surface-based method is only suitable for industrial component is 
composed from freeform surfaces only, e.g., a car body. These approaches are not 
applicable to complex industrial parts that comprise primitive shape surfaces. For the 
feature-based method, many methods have been proposed to reconstruct a CAD model of 
industrial component, for example Ke et al. [20] and Ye et al. [21].  

For the 3D CT image segmentation method, Shammaa et al. [24] used region growing and 
Graph cut algorithms for segmentation the multi-material CT data. Yamanaka et al. [25] 
used the sonogram polygonizer to reconstruct a polygonal meshes model directly from the 
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CT value. However, our main objective is to develop a method for reconstructing a CAD 
model from CT-scanned data. Our method use the image thresholding and level set 
method, which is not consider only the CT value but the surface is considered as the 
Lipchitz function.  

There is also a researcher proposed the method for reconstructing a CAD model from CT-
scanned data. Yoo [23] constructed a quadrilateral curve network by projecting the exterior 
faces of surface voxels onto the generated polygon meshes model surface for surface 
reconstruction. However, the main application of the proposed method is for the BioCAD 
application, such as computer-aided surgery, structural modeling of tissue, design of 
orthopedic devices and implants, design of tissue scaffolds, and freeform fabrication or 
bio-manufacturing.   

Recently, Wang et al. [12] presented the framework for model construction that used 
meshes segmentation to classify individual features, before the corresponding surface 
reconstruction and modeling operations were performed. However, the method does not 
reveal the overall shape information and the method uses automatic methods to classify the 
feature type from a polygon mesh so minor features might be discarded and the 
reconstructed model would not be accurate. 

 
Figure 2.5 The CAD model reconstruction method of the previous approach 

However, from [26], the general process of CAD model construction is shown in the 
Figure 2.5. The processes can be decomposed into four steps:  

1) Polygon meshes model construction  
2) Point cloud segmentation 
3) Solid modeling  
4) Model translation   

1) Polygon meshes model construction: In this step, the point cloud is converted to a 
polygon meshes model. The algorithm for constructing a polygon meshes model has been 
extensively investigated over the past two decades. However, the methods can be divided 
to two group; computation geometry method and function fitting. Base on the computation 
geometry method, the algorithm is including Voronoi diagram, Alpha shapes [27], 
Delaunay triangulations [28], Power crust [29], Ball Pivot [30] etc.  
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For the example of function fitting method; Poisson surface reconstruction [31], volumetric 
(VRIP) method [32], Radial basis function (RBF) [33], Moving least squares [34], Multi-
level partition of unity implicit (MPU) [35], Fast Fourier Transform (FFT) [36] method 
etc. The comparison of the previous work of this step is shown in the Figure 2.6. After the 
polygon meshes model construction step, the quality of the constructed polygon meshes 
model is unacceptable. The post processing steps, such as mesh smoothing and decimation 
etc., is also required in the process.  

           
      (a)        (b)         (c)         (d)  

   
     (e)        (f)         (g)         (h)  

Figure 2.6  The constructed polygon meshes model of the Stanford bunny using (a) 
Power Crust, (b) Robust Cocone, (c) Fast RBF, (d) MPU, (e) Hoppe et al.’s 
reconstruction, (f) VRIP, (g) FFT-based surface reconstruction and (h) Poisson 
reconstruction 

2) Point cloud segmentation: Point cloud segmentation is to subdivide the original point 
cloud or surface meshes into subsets of region (segmented regions: see Figure 2.7). Most 
of the segmentation algorithms are often iterative region growing/flood fill [37] [38] 
techniques. For the non-iterative methods, some uses the normal called direct segmentation 
[39]. Some uses the feature for mesh segmentation [40], which is more efficient.    

            
  (a)    (b)    (c) 

Figure 2.7 Feature sensitive mesh segmentation of various models (a) Head model (b) 
Camel model (c) Fandisk model 
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 3) Solid modeling: Boundary representation (B-rep), feature-based and design 
parameterization are the three basic representations for solid models. 

1) B-rep: The final watertight model is represented by a set of bounded surfaces. 
Based on segmented regions, the final B-rep model where the individual bounded 
surfaces are stitched together along inter-common boundary curve to generate a 
final watertight surface model. 

2) Solid feature recognition: The final watertight model is represented by a set of 
features (see Figure 2.8). In order to convert a B-rep model into a feature-based 
solid model, the embedded solid features must be recognized, and a feature tree that 
describes the sequence of feature creation must be created. 

 

(a)    (b)   (c)    (d) 

Figure 2.8 Illustration of GFR algorithm, (a) imported surface model with hole 
surface selected, (b) hole recognized and removed, extruded face of cylinder selected, 
(c) cylindrical extrusions recognized, base block extrusion fasce selected, and (d) all 
features recognized and mapped to solid model 

3) Design parameterization: The final watertight model is represented by a set of 
design parameters. A parameterized sketch is that the sketch profile (see Figure 2.9) 
is constrained and dimensioned, so that a change in dimension value yields a rebuilt 
in accordance with design intents as anticipated.  

 

(a)    (b) 

Figure 2.9 Feature recognition for airplane tubing flange. (a) single revolved feature, 
and (b) four features: revolve, extrude, cut, and fillet 

4) Solid model export:  This step is to export the reconstructed CAD model to main stream 
CAD packages in order to support reverse engineering system. The conventional solid 
model exchanges via standards, such IGES or STEP. 
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2.3 The survey of commercial software 

This section presents the survey of the existing commercial software that follows the 
details in Chang’s report [26]. However, the interested reader is encouraged to follow the 
reference.  

Table 2.1 A summary of commercial software tools surveyed [24] 

 

In 2012, Chang conducted a survey of the existing commercial software and the evaluation 
based on the information provided in product brochure, technical reports, online software, 
case study reports, etc. The evaluated software was Geomagic studio v.11 [41] (see Figure 
2.10), Repidform XOR3 [42] (see Figure 2.11), SolidWorks 2009 [43], Pro/ENGINEER 
Wildfire v.4 [44], CATIA, Paraform, etc. The summary of the capabilities of the evaluated 
commercial software is presented in the Table 2.1  

Table 2.2 Surface reconstruction and parametric modeling evaluation [24] 

 
From the Table 2.1, we can observe that most of the evaluated commercial software offers 
the basic capabilities for editing and manipulating points, polygon meshes model, curves 
and surfaces. However, the Chang’s report also evaluated the two key capabilities i.e. 
surface construction and parametric solid modeling from a polygon meshes model.  
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Figure 2.10 Graphic User Interface of Geomagic studio v11 

 

Figure 2.11 Graphic User Interface of Repidform XOR3 
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For the surface able to support 
surface modeling either fully automatically or close to fully automation. But, the size of the 

reconstruction ability, all of the evaluated software tools are 

scanned data also presents problems for SolidWorks and Wildfire. The SolidWorks and 
Wildfire are able to support only up to about 300,000 points. One important finding worth 
noting is that the meshes segmentation capability is only available in Geomagic and 
Rapidform software. This capability allows users to adjust a sensitivity index to vary the 
size of segmented regions so that the regions match closely to the distinct surfaces of the 
object. The segmentation process is critical since the properly segmented regions facilitate 
surface fitting and primitive feature recognition.  

 

Figure 2.12 Graphic User Interface of RhinoResurf for Rhino 

Another exa (see Figure 
2.12). The RhinoResurf is pug-in for Rhinoceros [46]. The RhinoResurf pug-in give the 

plied the surface-
based strategy to reconstruct a CAD model. However, they are not applicable to 

mple of commercial software is the RhinoResurf for Rhino [45] 

ability to reconstruct the CAD model, which is represented by NURBS, of an object from a 
polygon meshes model or a point cloud. However, the RhinoResurf pug-in mainly provides 
features for freeform surface modeling from a polygon meshes model.    

In conclusion, most of the commercial reverse engineering systems is ap

complicated industrial parts consisting of geometric features and constraints. 
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2.4 Feature detection  

 

(a) 

 

(b) 

Figure 2.13 Feature detection by using the Yoshizawa’s algorithm (a) Mesh input 
[Phantom model]. (b) Result of the feature detection with 1 - ring vertex 
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In CAD model reconstruction, when a point cloud is available, the point cloud 
segmentation method is applied to subdivide the original point cloud or scanned data into 
subsets of region. As we described in the previous section, the point cloud segmentation 
based on the feature point is more efficient. So, the feature point is used to segment the 
point cloud in the proposed method. The feature point is defined by the crest line via the 
first and second curvature derivative, which is widely used for surface matching and 
interrogation purposes. The point cloud segmentation using the feature point consists of 
two steps. (1) Feature detection. (2) Connecting the feature points. However, the surface 
topology of the scanned model can be classified by using the feature lines or edges on the 
surface of the model. Therefore, many algorithms have been proposed for detecting a 
feature point from the point cloud [47] [48] [49] [50] [51] [52] [53] [54] [55]. These 
methods can be classified, as in [73] [74], to polygon mesh-based methods and point-based 
methods.  

The polygon mesh-based methods consist of two steps: polygon meshes model generation 
and feature detection, for example in [47]. The Figure 2.13 shows the result of feature 
detection by using the algorithm in [56]. The polygon meshes model was generated from 
the industrial CT scanned data and then the feature detection using the algorithm in [54] 
was applied, where the feature detection analyzes the 1-ring vertex neighborhood. From 
the Figure 2.13, the feature detection is very sensitive to the noise. Thus, if we use this 
approach, the surface reconstruction process will produce the unacceptable result. 

The point-based methods generally used the Principle Component Analysis (PCA) 
algorithm to analyze the neighbors of each point, for example in [51]. Figure 2.14 shows 
the results of feature detection by using the algorithm in [51]. However, the input of our 
method is a stack of CT images. So, this method cannot be used directly to detect the 
feature point in our method.  

 

 

Figure 2.14 Sharp feature detection point based [51] on a cube, an icosahedrons 
model, the trim-star model, the fan disk and a vase model 
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In general, the edge detection filter is used to detect the edge and corner from the 2D 
image. In our CAD model reconstruction method from industrial CT-scanned data, we 
applied the 3D mask convolution to detect the feature voxels for generating the feature 
points, edge and corner points, from a stack of CT image (3D CT image).  So, the rest of 
this section we give the fundamental of image convolution. The convolution process uses 
the convolution mask ( H ) to convolute on the source image ( SI ) according the equation 
(2.2), where the DI  is the destination image. 

*D SI H I=                                                            (2.1) 

( , ) ( , )* ( , )D SI x y H i j I x i y j= + +                              (2.2) 

Where 
 

 and0,..., 1x Row= −
  

                          
 0,..., 1y Column= −

 

Figure 2.15 Illustration of the convolution process for 2D image 

The convolution is the scanning of the source image SI   (See Figure 2.15 for an example in 
2D image). To simply imagine of convolution (Equation 2.2), the Figure 2.16 shows the 
example of 2D mask convolution calculation, where the value after the convolution is 
determined by the 2D mask convolution.  

 
Figure 2.16 Example of 2D mask convolution (red-color: mask data, black: voxel 

data) 
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2.5

t 
ed 

 

 Point selection 

In our CAD model reconstruction method, the quality of a constructing surface is depended 
points. The ability to select a set of points precisely is very importan

for our method to reconstruct a surface. So, the point selection needs to be perform

nments. These include selection by directly clicking on a
point, spatial selection by drawing a selection area on the screen, selecting only the front 

rks by using the convex hull of a transformed point cloud without 
surface reconstruction or normal estimation. The operator consists of three steps (see 

on a set of selected 

carefully to avoid topological errors and the selection of unwanted points, which may 
affect the surface construction.  

After we have generated the point cloud and feature points, a set of points is selected using 
several techniques in 2D enviro

point, deleting the selected point, and de-selecting a selected point. During 3D model 
reconstruction, the point selection problem must be addressed in 3D space, which is harder 
than that in a 2D space, because the 3D space is not fully accessible or visible during 
interactions. However, some 2D selection techniques may outperform the standard 2D 
selection techniques.  

To select only the visible point, we have implemented the hidden point removal operator 
[57]. The operator wo

Figure 2.17):    

1. Inversion

2. Convex hull construction
on inverted point cloud

3. Points that lay on convex hull are 
marked as visible

 

Figure 2.17 Hidden point remover algorithm [57] 

1. Inversion: Let P is point cloud and C is a viewing point then transform the point 
pi∈P by using the spherical flipping inversion [58]: 
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( ) 2( ) i
i i i

pp f p p R p
p

= = + −                                          (2.3) 

Where R is the radius of sphere, center at a viewing p
include all the points in P.  

 the 
 the center of the spher

oint C, and constrained to 

2. Convex hull construction: Construct the convex hull of the set that contains
transformed point cloud and e { }P C∪ .  

3. Checking the visible points: A point pi∈P is marked as a visible point from 
viewing point C, if its inverted point ip  lies on the c ulonvex h l of { }P C∪ . 

For the complexity of the hidden point rem
of the pe takes .The 

over algorithm, let N  be the number of points 
point cloud. The first stage of the o rator, spherical flipping, ( )O N

second stage, convex hull computation, takes ( log )O N N  d the final stage takes 
( )O N for marking the visible point. Therefore, the complexity of the operator is 
( log )O N N .  

an

 

Figure 2.18 Main steps of the TeddySelection algorithm [63] 
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For 3D selection techniques, many algorithms have been proposed [59] [60] [61] [62]. 
However, the Ray casting algorithm is widely used in 3D selection techniques because it is 
fast and easy to understand [63] [64]. Other techniques can also use to select the 3D object 
directly based on its 3D position. Of course, there also some existing techniques that 
enable 3D object selection based on directly clicking on a 3D object.  

Recently, Yu et al. [65] proposed the TeddySelection and CloudLasso selection methods to 
analyze the 3D particle point cloud for selection. The methods are required the user to 
draw a lasso in 2D space as the input of the method and then the method analyzes the point 
cloud based on the density property and 3D structure information for selection (see Figure 
2.18 and Figure 2.19).       

 

Figure 2.19 Main steps of the CloudLasso selection algorithm [65] 

Even though, all of these selection techniques are easy to understand and to implement but 
the selection result are not related to the surface topology. Thus, these methods are not 
suitable for 3D model reconstruction. To facilitate a point selection in 3D model 
reconstruction, we need to find the techniques that use the feature point for selection a 
subset of point cloud and then use the selected points for reconstruct a surface, which will 
be discussed in the next chapter. 
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2.6 Surface 

In this section, we give the fundamental knowledge of the NURBS surface. Non-uniform 
rational B-Splines (NURBS) are mathematical models usually used in CAD manufacturing 
for representing curves and surfaces. From the NURBS book [64], NURBS surface is 
functions of two parameter mapping  and  to a surface in three-dimensional space. A 
NURBS surface is defined by the de  in the  direction and degree  in the 
direction, a set of weighted control points , and a knot vector. The knot vector is a 
sequence of parameter values that determ where and how the control poin fect the 
NURBS surface. While, the control points movement and weight modification is used to 
locally change the shape of NURBS surface and the order parameter defines the degree of 
the polynomial used to represent the surface. The mathematical definition of NURBS 
surface is:  

u
gree, 

v

,i j

p
w

ines 

u q

ts af

v  
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0
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0

( ) ( )
( , )
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The  form a bidirectional control point,  are the weights and and are 
the non rational B-spline basis functions defined on the knot vectors :  

s 

,i jP ,i jw , ( )i pN u
U and V

, ( )j qN v

1 1
1 1

 {0,..., 0 , ,..., ,1,...,1}p r p
p p

U u u+ − +
+ +

=
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1 1
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 {0,...,0 , ,..., ,1,...,1}V v v+ − +=  

Where 1r n p= + +  and 1s m q= + +  

The surface (2.4) in can be written as 

, ,
0
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Where , (i j , )R u v is  
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,
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i p j q i j
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R u v

N u N v w
=

=

∑∑
    (2.6) 

, ( , )i j

i=

R u v is introduced as the piecewise rational basis functions. The Figure 2.20 shows an 
example of NURBS surface. In this exampl he surface has 7x7 control points with the 
non uniform knot sequence. The surface is lighted, with a dark gray diffuse reflection and 
white highlights. The Figure 2.20 (b) shows the wireframe of the surface.  

e, t
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(a)  

 
                            (b) 

Figure 2.20 NURBS surface with 7x7 control point grid is drawing by OpenGL (a) 
Fill surface mode (b) Outline polygon mode 

22 
 



If all the weights in above the Equation 2.6 are set to 1.0, a NURBS surface will be 
become a B-Spline (Basis-Spline) surface. The least-squares error fitting method is widely
used to construct a surface for CAD model reconstruction. However, there are two widely 
used fitting methods for reconstructing a NURBS surface:  

1. Surface interpolation: A surface must be passed thought every point and assumed 
that the given derivative at the prescribe point.   

2. Surface approximation: A surface is generated from the approximation by using 
every data point and the generated surface does not necessarily pass thought every 
point.    

The surface approximation and interpolation construction are described in more detail in 
The NURB Book [66]. The approximation method uses the least-squares minimization to 
fit the control point. The least-square tries to minimize the error between the resulting 
surface and the original data points. The least-squares approximation needs the number of 
control points and the number of knots used for fitting. At first we define the knot span d  
with the following equation:  

 

1
1

md
n p

+
=

− +
                                                              (2.7) 

Now, we can define knots by 

int( ) i jd     jd iα= = −                                                    (2.8) 

         

1(1 )      1,...,p j i iu u u jα α+ −= − + = −n p                                        (2.9) 

where j describes the number of intervals needed. The points on the surface are denoted as 
, ..., and are used for surface fitting. The border points are not approximated. 

 defined by data points  is approximated in the least-squares sense: 
,o oQ

Surface 
 
S

,k lQ
Q

2

,
1

min ( , )
m m

M

u v m m
m

Q S u v
=

−∑                                                  (2.10) 

where we try to minimize the error between data points and resulting surface. S (u, v) is 
defined by (2.4).  This is the basis of solving NURBS surfaces on predefined points and is 
used for the surface reconstruction for each surface patch. For the more detail of surface 
fitting, the interested reader are encourage to follow the reference.   

2.7 Surface continuity 

Surface continuity is the most challenging problem in geometric modeling. So, we give the 
definition and fundamental detail of surface continuity in this section.  

The surface continuity requirement is depended on the application domain. From the Curve 
and Surfaces for CAGD book [67] and Wikipedia [68], the geometric continuity of 
different levels is:    
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• Positional continuity (G0): The end positions of two curves or surfaces are 
coincidental. The curves or surfaces may still meet at an angle, giving rise to a 
sharp corner or edge and causing broken highlights. 

1• Tangential continuity (G ): The end vectors of the curves or surfaces to be 

 always continuous and thus look 

h change. Highlights falling on a curvature-continuous edge do not display 

 the parameter's value with distance along the curve. The 
various order of parametric continuity is: 

• C−1: Curves include discontinuities 

ed 

• C1: First derivatives are continuous 

• C2: First and Second derivatives are continuous 

• Cn: First through nth derivatives are continuous 

parallel and pointing the same way, ruling out sharp edges. Because highlights 
falling on a tangentially continuous edge are
natural, this level of continuity can often be sufficient. 

• Curvature continuity (G2): The end vectors to be of the same length and rate of 
lengt
any change, causing the two surfaces to appear as one.  

Since NURBS surfaces are functions, it is possible to discuss the derivatives of the surface 
with respect to the parameters. This is known as parametric continuity.  

From Wikipedia [69], the parametric continuity is a concept applied to parametric curves 
describing the smoothness of

• C0: Curves are join

r(t)p(t)

qb(t)

qt(t)

1 ( )tμ−

r  

1 G1 continuity condition between two adjacent surfaces 

t=1

Su face 1 Surface 2

1 ( )tλ−( )tλ

( )tμ

t=0  

Figure 2.2
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In the reverse engineering, the C0 and the G1 continuity are required for the reconstructed 
odel. The definition of G1 continuity between two polynomial surfaces is implied 

ollowing relation: three vectors ( )a t , ( )b t  and ( )c t are c
CAD m
to the f oplanar at all points of the 
common boundary curve (see Figure 2.21).  

From
usu

 the Curve and Surfaces for CAGD book [67], this general condition of co planarity is 
ally expressed as G1 continuity condition:   

[1 ( )] ( ) ( ) ( ) [1 ( )] ( ) ( ) ( )t p t t r t t q t t q tb tλ λ μ μ− ⋅ + ⋅ = − ⋅ + ⋅   (2.11) 

Where ( )p t and ( )r t are the cross derivative curves on the common boundary curve, 
( ) and ( )t are the tangent vector along the common boundary, and ( )tλ and ( )tμbq t tq are 

odel from 

pplied, will be discussed in the next chapter.   

 

 

 

 

 

 

 

 

 

 

 

 

 

the weight functions.  

However, the focus of this study is to develop a method to reconstruct a CAD m
industrial CT-scanned data for reverse engineering purposes. Therefore, the surface 
continuity development is omitted in this dissertation and the method to generate the G1 
final bi-cubic NURBS surface patches is a
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CHAPTER 3  

MET D OGY

This chapter describes our proposed method for reconstructing 

HO OL  

a CAD model from 

 sphere and cylinder are extracted as the 
primitive features and torus and fillets are ignored or treated as a par ee
surfaces. Our approach is based on four processing steps: point cloud generation, feature 

tat
are p ted a

The rest of this chapter is organized as follows: we begin this chapter with an overview of 

ic 
primitive feature. The modeling operations and the method for generating G1 surface 

odel are discussed in section 3.5 and section 3.6 respectively. Finally, we describe our 
plementation in section 3.7.  

.1 Overview of method 

ur goal is to reconstruct a CAD model from industrial CT-scanned data for reverse 
ngineering purposes (see Figure 3.1). In our research, the input is a stack of CT images of 
n industrial component from an industrial CT-scanning system, which is generally noisy 

ssed in  the chapter 2.  

industrial CT-scanned data, where the reconstructed CAD model is the combination of 
surface features and geometrical primitive features. In this research, we assumed the object 
is composed of a single material, and plane,

t of the fr -form 

point generation, surface reconstruction and modeling operation. We also discuss about the 
implemen ion of our method in the last section of this chapter and the experiment results 

resen nd described in the next chapter.  

our method for reconstructing a CAD model from industrial CT-scanned data for reverse 
engineering. Then, we present a method that generates a point cloud and feature points 
from industrial CT-scanned data in the section 3.2 and section 3.3 respectively. In the 
section 3.4 we present the methods for reconstructing a surface feature and geometr

m
im

3

O
e
a
and very dense, as discu

Given: 3D CT image Want: A CAD Model

Sphere 1(Center: 1;0;0/Radius:0.98)
Sphere 2(Center: 2;0;0/Radius:0.98)
Sphere 3(Center: 3;0;0/Radius:0.98)
.
.
.
Plane 1(a= 0/b=0/c=1)
.
.

 

Figure 3.1 Creating a CAD model from industrial CT scanned data 

he reconstructed CAD model from our method is the combination between surface 
features (e.g. free-form surface) and geometrical primitive features (e.g. plane, spherical, 
ylindrical surface), where the primitive shape parameters are recovered for reconstructing 

the surface of geometrical primitive feature. In this section, we present an overview of our 
pproach for CAD model reconstruction from industrial CT-scanned data for reverse 

engineering purposes. The Figure 3.2 shows the stages of our method, which are explained 
s follows.  

T

c

a

a
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Figure 3.2 Overview of our method for reconstructing a CAD model from industrial 
CT-scanned data  

1. Point cloud generation: Given a three-dimensional (3D) CT image, i.e., a stack of 
CT images, we extract the surface voxels using image segmentation, signed 
distance field calculation, and a double-thresholding method. Finally, we 
interpolate the coordinates of the surface voxels with CT-values to generate the 
point cloud. 

2. Feature point generation: First, the nonlocal mean filter is applied to remove the 
noise voxels from the 3D binary volume. Then we detect the feature voxels by 
applying 3D mask convolution using the designed 3D mask to the 3D binary 
volumes. Next, the SUSAN method is applied to remove the noise voxels from the 
fe ted with 
CT-values to generate the feature points.  

ature voxels. Finally, the coordinates of the feature voxels are interpola

3. Surface reconstruction: Two types of feature reconstruction scheme are applied to 
construct the surfaces of the model. For geometric primitive feature construction, a 
3D selection volume constructed from a set of selected feature points is used to 
analyze the point cloud for selection. Then, the selected points are used to construct 
the geometric primitive feature.  
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For surface features, the user selects the region of interest (ROI) to generate a 
subset of the point cloud. Then the user creates four boundary curves of the subset 
of the point cloud and selects a set of points, which is located inside the created 
boundary curves. Finally, a freeform surface is generated from the selected points 
and the created four boundary curves. 

4. Modeling operation: Modeling operations, such as surface trimming and surface 
deformation, are performed to generate the final watertight model. For the surface 
trimming, the intersection curve between two features is determined to create a B-
Spline curve for trimming the constructed surface.    

The important steps of model reconstruction are the point cloud segmentation, to divide the 
point cloud into subsets in which each subset is geometrically compatible with a single 
surface, and classification, to decide which type of surface each subset of points belongs 
to. In our approach, we let the user manually select a set of points (point cloud 
segmentation) and specify the feature type (classification) for constructing the surface. So, 
the quality of the surface depends on a set of selected points. In order to achieve good 
surface quality the point selection must be performed carefully to avoid topological errors 
and unwanted points, which may leads to undesirable surface artifacts. Thus, the ability to 
select a set of points precisely is very important for our method.  

Based on the fact that the surface of a model can be broken down into various component 
surfaces along the feature points, we create a 3D primitive volume from a set of selected 
feature points to select a set of points from the point cloud. The selected points using the 
3D volume selection technique are used to construct a geometrical primitive feature, will 
be explained in section 3.4.  

It is generally known that generating a curve network consisting of quad patches is hard for 
human engineers. So instead, to create a quadrilateral curve network from the point cloud 
o  
p  
the four-sided boundary. This proce he surfaces cover the point cloud. 

yed during this step. 

f the complete model, the region of interested (ROI) is selected to generate a subset of the
oint cloud for creating the four-sided boundary curves and selecting a set of points inside

ss is repeated until t
So these stages are often overlapping and instead of a sequential process several iterations 
are required. This flowchart helps to understand the information flow and the organization 
of this chapter.  

3.2 Point cloud generation   

In this section, we describe the method used to generate the point cloud from a 3D CT 
image. Figure 3.3 shows the overall steps of the point cloud generation process. This 
process uses an image segmentation method to segment the 3D CT image into 3D binary 
volumes. Next, the signed distance field value is computed from the 3D binary volumes 
and the thresholding concept is applied to classify the surface voxels. Finally, the 
coordinates of the surface voxels are interpolated using CT values. The rest of this section 
provides brief summaries of the algorithms emplo

3.2.1 Image segmentation 

This section describes the thresholding method and the level set method used to segment a 
3D CT image into 3D binary volumes, where the background label is interpreted as –1 and 
the object label is interpreted as 1. 
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Figure 3.3 The point cloud generation process 

3.2.1.1 Thresholding method 

In general, the boundary between an object and its background has a smooth change in the 
 method can be applied to segment the 3D CT-image. The 

thresholding method segments the 3D CT-image by converting the CT-value below the 

 

CT-value, so the thresholding

thresholding value, which is a nonnegative value in the range of [0, 65535], to –1 and the 
CT-value equal or above the thresholding value to 1, as in the equation (3.1).  

1 if f(x,y,z)  T
( , , )

-1 if f(x,y,z) < T
g x y z

≥⎧
= ⎨
⎩

                                           (3.1) 

Where f(x,y,z)  is the CT-value of the voxel at the coordinate , ,x y z  and ( , , )g x y z  is the 
e threshold value T . However, the major problem of the 

thresholding method is that it considers only the CT-value, but not considers the boundary 
thresholded value with th

of the surface. Thus, if we use the thresholding method, there will be misclassification 
errors on the surface in the segmentation results. 
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3.2.1.2 Level set method 

Instead of considering only the CT-value, the level set method performs the segmentation 
by considering a surface function. The level set method represents the surface of the model 
as the zero level set of a higher-dimensional signed distance function. Assume the region 

be enclosed by the closed surface( )tΩ ( )tΓ . Then the level set method uses the level set 
function ( , )x tφ  to represent  as ro level set of in the Figure 3.4. 

 

( )tΓ  the ze

( , ) 0 in (t) (inside)
( , ) 0 in (t) (on the surface)

( , ) 0 in (t) (out side)t

x t
x t

x t

φ
φ

φ

> Ω
= Γ

< Ω

                              (3.2) 

 

(a) 

              

  (b) 

Figure 3.4 Level set function and its zero level set (a) Level set function and its zero 
level set in 3D (b) Level set function and its zero level set in 2D  
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In the level set method, we discretize the domain into rectangular grids and have the value 
( , )x tφ of at each grid. As we solve some partial differential equation using finite difference 

method, we can evolve the surface ( )tΓ . 

Chan and Vese [70] proposed a model based on the above functional but without 
lating the gradient. They assume that a given image 0u  is composed of two regions of 

approxim piecewise-con t intensities. They decompose the image i
calcu

ately stan nto two regions 
using the following functional. 

                      

1 2( , , ) ( ) ( ( ))F c c C u Length C vArea inside C= ⋅ +  

2

1 0 1
( )

( , )
inside c

u x y c dxdyλ+ −∫  

2

2 0 2
( )

( , )
inside c

u x y c dxdyλ+ −∫                                                                                            (3.3) 

Where 1 20, 0, 0, 0u v λ λ> > > >

0u  inside and outside of
 are fixed parameters and the constants  are the 

averages of  fitting curve , respectively.  

Song and Chan [71] considered the following three terms from the above Chan-Vese 
model: 

1c , 2c
C

2 2

1 2 1 0 1 2 0 2
( ) ( )

( , , ) ( ) ( , ) ( , )
inside c inside c

F C c c u Length C u x y c u x y cλ λ= ⋅ + − + −∫ ∫          (3.4) 

In order to apply the level set method to the above functional, they replace the curve with a 
Lipchitz function. Then the energy functional  can be modified as follows. 1 2( , , )F C c c

2 2

1 2 1 0 1 2 0 2( ( ), , ) ( ( ) ) ( ) (1 ( ))F H c c u H u c H dx u c H dxφ φ λ φ λ φ
Ω Ω Ω

= ∇ + − + − −∫ ∫ ∫       (3.5) 

Where ( )H φ  is the Heaviside function ofφ . The approximation ( )H dφ∇∫  x

is 2 2
1,( ( i j , , 1 ,

,
) ( )) ( ( ) ( ))i j i j i j

i j
H H H Hφ φ φ φ+ +− + −∑ , where ,i jφ  is the value φ of at the i, j-

th pixel.  

In order to minimize the energy , the algorithm steps are. 

1. Give any initial setting of the image. For example, we can set 

F

1φ = for a half 
rectangular part in the image and 1φ = −  for the other part. 

2. Let x is the CT value of current pixel and are av1 2,c c  erages for and 1φ = − , 1φ =
respec ly, and are the number of pixels for tive m n 1φ = and 1φ = − , respectively.  
If ( ) 1xφ = , the difference between the new and old energy is  
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2 2
2 112 ( ) ( )

1 1
n mF x c x c

n m
Δ = − − −

+ −
                                (3.6) 

12 0FΔ < , ( )xφ change from 1 to -1 while if 12 0FΔ > , ( )xφ remain unchanged. If
Similarly when ( ) 1xφ = − , we compute 

2 2
1 221 ( ) ( )m nF x c x cΔ = − − −

1 1m n+ −

If

                                (3.7) 

21 0FΔ < , ( )xφ change from -1 to 1 while if 21 0FΔ > , ( )xφ remain unchanged.  

at the step 2 until the total energy changes no more. 3. Repe

   

                     (a)    (b)    (c) 

  

                                             (d)                                            (e) 

image (a) initial (b) after 1 
sweep (c) after 2 sweep (d) after 3 sweep (e) after 4 sweep 

Althou ore m sholding method, it has 
the advantage of being able to handle the complicated geometry and the noise. So we 
usually e ris
primitiv e tiona e is
is numb  of inp
we can get the binary image of which value inside the object is 1 and value outside the 
object is -1.  

Figure 3.5 Detection of different objects from a noisy 

gh the level set method requires m emory than the thre

 use th  level set method to generate the point cloud of the model that comp  
e shape surfac . With this LSM method, the computa l tim ( )N , where N  
er ut data. After segmenting the 3D image directly with

es a

, 
O

 the above algorithm
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3.2.2 Signed distance field calculation 

We use the signed distance field to represent the distance between the voxels and the 
surface  the sca ed m re ive t

sa al equati
 of nn odel. The distance function lat o the close surface 
tisfies the Eikon on:   

( )d s  
( )tΓ  

( ) 1, ( ) 0, ( )d s d s s t∇ = = ∈Γ     (3.8) 

All of the characteristics of this equation are straight lines, which radiate from the surface 
of the scanned mo l. In rdinate o the  
distanc etween  vo  
sweepi el is determined by its 
neighbo e signed distance field 
calculation, we obtain the signed distance field where the value inside the object is a non-
negative value in the range  whereas value outside the object is a negative value in 
the rang . 

3.2.3 Surface voxel classification 

The signed distance value represents the distance from the surface of the scanned model so 
we use the double-thresholding method, and the surface voxel satisfies the condition:  

de  our method, we use the coo f voxel to calculate the
e b the xel and the surface. We use five Gauss-Seidel iterations with a
ng order [72] to solve on the voxels. The solution on a vox
ring voxels, which have smaller distance values. After th

(1, )∞
e ( 1, )− −∞

1 21.0 ( ) 1.0  d sω ω− − < < +      (3.9) 

s  sig ed di ance value of the voxel, and where ( )d s  i  the n st  and 2ω1ω  are non-negative 
1). In our experim 1 1/ 3ω = 2 1/ 3ω = and  produced good values in the range (0, ents, 

results; the surface voxels were nearly a single vo ple of this step’s result 
is shown in Figure 3.6 (a) and (b), where the surface voxel is regarded as a 3D point 
located at the coordinate of the surface voxel. As shown in Figure 3.6 (a) and (b), our 
method only extracts the voxels located around the surface.  

3.2.4 Interpolation 

The coordinates of the surface voxels are integer values. Thus, we determine the position 
of a point on the surface of the model by interpolating the coordinates of the surface voxel 
using the CT values of the surface voxels and the CT values of their adjacent voxels. The 
interpolation is given by: 

0 )
)

xel thick. An exam

 0 1( ) / (new old x xx x C C C

0 1 0

0 1 0( ) / ( )
new old y y y

new old z z z

( ) / (
xC

y y C C C C
= + − −

   (3.10) = + − −

z z C C C C= + − −

where C  is the CT-value of the surface voxel, 0xC  is the CT-value of the voxel below the 
surface voxel on the x-axis and 1xC  is the CT value of the voxel above the surface voxel on 
the x-axis. Similarly, for 0 1 0, ,y y zC C C  and 1zC , oldx  and newx  are the position before 
interpolation and the position after the interpolation on the x-axis, for , ,old new oldy y z  and 

newz . An example of this step’s result is shown in Figure 3.6 (c) and (d), where the 
positions of the point tely on the ss are approxima urface. 
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(a) 

 

 

 
(b) 
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(c) 

 

 

(d) 

Figure 3.6 The point cloud generation (a) and (b) The classified surface voxels. (c) and
(d) The point cloud after interpolation with CT values 
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3.3 Feature point generation 

 

(a) 

 

(b) 

Figure 3.7 The three-dimensional (3D) mask designed by Ma et al. for sharp edge 
detection: (a) pattern of the 3D mask (b) Masks for a convex sharp edge (left) and a 

 concave sharp edge (right)
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In the CAD model reconstruction, the surface of a scanned model can be broken down into 
various component surfaces along the feature points. The task that needs to be solved at 

 the feature points. From the 3D binary volume, we apply a 3D 
mask convolution to detect the feature voxels. We used the 3D mask designed by Ma et al. 

 convex and concave feature voxels.  

Three masks, 

this stage is the detection of

[73] [74] (see Figure 3.7) to detect

xC , yC  and  are designed in three different directions, i.e. x-, y- and z-
directions, and are shown in the Figure 3.6 (a). They can detect convex sharp edge voxels. 
To detect concave sharp edge voxels, however, other three masks,

zC

_x iC , _y iC  and are 
also designed. The masks of and are shown 
sharp edge voxel is provided below. 

Procedure edgeDetect(B, Cx, Cy, Cz, Cx_i, Cy_i, Cz_i, t1, t2) 

{ 

Gx = Convolution (B, Cx); 

Gy = Convolution (B, Cy); 

Gz = Convolution (B, Cz); 

Gx_i = Convolution (B, Cx_i); 

Gy_i = Convolution (B, Cy_i); 

Gz_i = Convolution (B, Cz_i); 

For (i,j,k) in B 

If (Gx(i, j, k)<t1 || Gy(i, j, k)<t1 || Gz(i, j, k)<t1 || 

    Gx_i(i, j, k)>t2||Gy_i(i, j, k ||Gz_i(i, j, k)>t2) 

(i, j, k) is a sharp edge voxel. 

} 

However, as noted by Ma et al., one of the main drawbacks is noise voxels because the 
noise voxels and sharp feature voxels involve extreme gradients. If the 3D mask 
convolution is applied without a noise removal process, it will detect the noise voxels as 
features. This drawback can be overcome by using a nonlocal mean filter [75] to remove 
the noise from the 3D binary volume and the SUSAN method [76] to remove the noise 
from the detected feature voxel.  

The results appear to be better but there is still some noise in the final resu . After we 
detect the feature voxels, we also interpolat  coordinates of the feature voxels using the 
CT values of the feature voxels and the CT values of its adjacent voxels to generate the 

_z iC
Figure 3.6 (b). Pseudo code of detecting a 

)>t2

lt
e the

feature points. The interpolation is given by the equation 3.10:  
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0 1 0

0 1 0

0 1 0

( ) / ( )
( ) / ( )

( ) / ( )

new old x x x

new old y y y

new old z z z

x x C C C C
y y C C C C

z z C C C C

= + − −
= + − −

= + − −

      

Cwhere  is the CT value of the detected feature voxel, C  is the CT value of the voxel 0x

below the feature voxel on the x-axis and 1xC  is the CT value of the voxel above the 
detected feature voxel on the x-axis. Similarly, for 0 1 0, ,y y zC C C  and 1zC , oldx  and newx  are 
the position before interpolation and the position after the interpol  on the x-axis, for 

, ,old new oldy y z  and newz .  
a

volution is , where 
is the size of a 3D mask and  is the number of input voxel. Because of the 
 CT-scanning system produces a huge amount of three-dime

So, we improve the processing time of 3D convolution by using the openMP [77], the 
multi-th  

3.4 Sur

In our approach, the reconstructed CAD model is represented by surface features and 
geometric prim  describe the methods used to generate the 
corresp

3.4.1 S

The sur  by the freeform surface. For the surface feature, the 
CAD m anually specify the four boundaries of the subset of the point 
cloud. erates a freeform surface feature using four main steps (see Figure 
3.8).  

1. Genera e user selects the ROI of 
the 3D ubset of the point cloud 
is gene ious section.   

2. Boundary curve creation: A boundary curve is created using a set of selected 
points. In some methods that deal with ordered data points, the chord length 

tion

As mention in Ma et al, the computation cost of 3D mask con  3( )O n N

nsional (3D) voxels. 
n n n× ×  

ustrial
N

ind

reading processing library. 

face reconstruction  

itive features. In this section, we
onding features. 

urface feature 

face feature is mainly described
odeler is required to m

Our method gen

te a subset of the point cloud from the ROI: First, th
CT image and defines the threshold value. Then a s
rated by the method in the prev

method or the centripetal method [78] [79] are used for data parameterization. In 
our approach, we use the chord length method to compute the knot vector. The 
procedure used to construct a B-Spline curve is as follows. 

a. Firstly, the user selects a set of points directly using a mouse and defines the 
degree of B-Spline curve. 

b. Then, the selected points are used as the control points for parameterizing 
knots.  

c. Finally, the B-Spline curve is constructed from the computed knot values 
and the selected points with the defined degree. 
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To construct a freeform surface, the user creates four boundary curves, which are 
the inter-common boundary curves of neighboring freefor
curves are assumed to intersect at their respective end-poin
we use the common degree to create a quadrilateral curve network.     

m surfaces. The boundary 
ts. In this dissertation, 

2. Create four 
boundary curves 

3. Point selection 4. Surface construction1. Generate a subset of 

For visualization

3D CT image

The point cloud

the point cloud from ROI

Repeat until the freeform surfaces 
cover the model

The constructed freeform surfaces  

Figure 3.8 Surface feature construction process 

3. Point selection: The user selects a set of points, which are located inside the four 

To construct a freeform
ge
blende ). 

boundary curves region, from the generated subset of the point cloud. A set of 
points is selected using several techniques in 2D environments.  

4. Freeform surface generation: A freeform surface is generated from the selected 
points and four created boundary curves.   

 surface, the bilinear blended Coons surface is widely used to 
nerate a surface from four boundary curves. However, the inner shape of a bilinear 

d Coons surface tends to be relatively flat (see Figure 3.9
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Figure 3.9 Generation of a freeform surface from a bilinear blended Coons surface  

Alternatively, the CAD modeler can use an approximation scheme to generate a surface 
from the selected surface points and the four created boundary curves. The basic aim is to 
construct the surface using the control points of the constructed approximation surface [66] 
and four boundary curves. This method works as follows. 

1. Generate an approximation surface from the selected surface points using the least-
squares error fitting method with the designed control points  with the 
degree

( ) ( )u vn n×
p q× .  

2. Generate the final surface from the control points of the constructed approximation 
surface ) and the control points of the four boundary curves (see Figure ( 1) ( 1u vn n− × −
3.10), with the designed degree p q× . The knot vectors of the boundary curves are 

nal surface in the corresponding direction. regarded as the knot vectors of the fi

From the boundary curve 

From the approximation 
surface patch

 

Figure 3.10 Configuration of the control points for the freeform surface based on an 
approximation scheme  

The inner shape of the surface generated in this way (see Figure 3.11) is much better than 
that of the bilinear blended Coons surface, because the set of selected points is 
approximated by an approximation surface. 

40 
 



 

Figure 3.11 Generation of a freeform surface from an approximation surface  

3.4.2 Geometric primitive feature 

In this section, we explain the methods to generate the geometric primitive features, where 
we convert the feature construction problem into the extraction of primitive shape 
parameters. The geometric primitive feature can be separated into plane feature, sphere 

the feature.    

 the 
ws.  

1. Fit the selected points with an infinite plane 

feature and cylinder feature. We use the 2D selection technique to select a set of points for 
plane feature construction. For the sphere and cylinder feature, the user selects a set of 
feature points to construct 3D primitive volume to select a set of points from the point 
cloud for constructing 

3.4.2.1Plane feature 

The plane feature is created from the fitted infinite plane to the selected points. Let  
1{( , , )}m

i i i ix y z =  be the selected points. The method we use to generate the surface of
plane feature is as follo

Ax By C z+ + = . ,A B  and are 
determined by minimizing the square error function:   

   (3.11) 

2. Transform the selected points onto the plane 

C

2

1
( , , ) [ ]

m

i i i
i

E A B C Ax By C z
=

= + + −∑

Ax By C z+ + =  and find the 2D 
bounding box of the transformed points.   

3. Use the vertices of the 2D bounding box to generate a bilinear blend Coons surface 
to generate a 3D rectangular plane. 

3.4.2.2 Sphere feature  

T  
the z-axis, which has a specific -point. Using this method, we 

he surface of the sphere feature is created by revolving a circular arc clockwise around
 radius and a fixed centre

extract the radius and centre from a set of selected points, which were selected by the 3D 
primitive volume selection technique. The method used to construct a sphere feature 
comprises the following four main steps (see Figure 3.12). 
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Figure 3.12 Construction of a sphere feature  

1. Let a set of selected feature points be 1{( , , )} , 4m
i i i ix y z m= >  and fit them with a 

sphere 2 2 2 2( ) ( ) ( )x a y b z c r− + − + − = , where ( , , )a b c  is the sphere centre and r  is 
the radius. The radius r  and the centre-point ( , , )a b c  can be determined by 
minimizing the following error function:  

(E a 2

1
, , , ) ( )

m

i
i

b c r L r
=

= −∑
    (3.12) 

where  
2 2 2( ) ( ) ( )i i i iL x a y b z c= − + − + −  

2. Analyze the surface points using the constructed sphere volume to make selections. 

ith a radius 

4. Generate a sphere surface by revolving a circular arc 360 d
the y-axis, with a radius  and centre-point

3. Fit a sphere to the selected surface points, w r′  and centre-point 
( , , )a b c′ ′ ′  using the method in step 1.    

egrees clockwise from 
 r′  ( , , )a b c′ ′ ′ . 

3.4.2.3Cylinder features 

 

Figure 3.13 Construction of a cylinder feature  

The surface of the cylinder feature is created by extruding a circle/circular arc in an axis 
direction with a fixed centre and a specific radius of the bottom circle. Using this method, 
we extract the parameters from a set of selected points. Cylinder feature construction 
involves the following four main steps (see Figure 3.13). 
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1. Let  be the selected feature points fitted with a finite cylinder   1 2{ , ,..., }nP p p p=

2

( )( ) ( )
T

T I WWP C P C
r

− 1− − =
   (3.13) 

Where I  is the identity matrix and the boundary condition is 
 is the axis direction, is the bottom-circle centre point with

is the height of the cylinder. The error function for the cylinder is:    

| ( ) | ( / 2)W P C h− ≤ , 
 the radius r and hW C   

2
2

1

( )( , , ) (( ) ( ) 1)
Tn

T
i i

i

I WWE C W r P C P C
r=

−
= − −∑ −

  (3.14) 

Because the er for the center-point, 
three for the axis direction, and one for the parameter .  

 each of th
n can be minimized by upd

be found by the computation of the 4th 
degree polynomial for the line of steepest descent, which is standard Eigen system 
solver. 

2. Analyze the surface points using the cylinder volum

3.  the selected surface points, with an axis direction 

ror function depends on seven parameters, three 
r

Instead of performing a linear search in e seven dimensions, the error 
functio ating the initial value of , ,W C r . We use the 
least-square error with the initial guest by least-squares fitting of the selected 
feature points with a 3D line. This can 

e constructed for selection. 

W ′Fit a finite cylinder with  and 
 circle with a center , where the radius is r′C′a bottom  and  is the height of the 

4. Generate the feature surface: we construct the cylinder surface by extruding a 

h′
cylinder, using the method described in step 1.    

circle/circular arc in an axis direction W ′  with a fixed center of the bottom circle  
and the radius r′ .  C′  

3.5 Modeling operation 

After we have constructed a freeform surface, we us  the surface e deformation to modify its 
 The modified control points are used to generate a freeform 
gree and the same knot vector. In the Figure 3.14, the original 

shape of the constructed freeform surface is modified by moving the control point of the 
surface patch, which is highlighted by the red circle.  

shape (see Figure 3.14).
surface with the same de

Before After  

Figure 3.14 Surface deformation 
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Industrial co n designed by trimming the surface, which is used to creamponents are ofte te 
holes and voids on a surface with complex geometries (see Figure 3.15 and 3.16). The 
generated surface is trimmed using a B-spline curve, which is laid upon its surface. We 
generate a B-Spline curve from the intersection curve betwe
trimmin  watertight surface
model. 

en two surfaces. Surface 
g is used to assemble the reconstructed surfaces into the final  

 

ure 3.15 Surface trimming for assembling the reconstructed surfaces for the 
phantom model 

Fig

The first example in Figure 3.15, the trimming curve (blue line) is generated from the 
The 

 
intersection curve between the freeform surface feature and the cylinder feature. 
trimming curve is used to make a hole on the constructed freeform surface (the right hand
picture).   

Base Surfaces B-spline curves

Trimmed spheres

Trimmed plane

Combination of 
trimmed surfaces

 

Figure 3.16 Surface trimming for assembling the reconstructed surfaces for the 
phantom model 

In Figure 3.16, a set of trimming curves (the second picture from the left hand: blue lines) 
is generated from the intersection curves between the plane feature and the cylinder 
features. The trimming curves are used to make holes on the plane surface and make the 
void on the cylinder feature.       
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Figure 3.17 Model-tree in our implementation 

Model-tree is incorporated during the CAD model reconstruction process. In the model-
tree (see Figure 3.17), the nodes represent the point cloud, feature points, B-spline curves, 
and features. This strategy is flexible and editable so the CAD modeler can experiment 
while reconstructing a CAD model. 

3.6 Surface continuity 

In this research, a bi-cubical boundary curve network is specified onto the generated point 
cloud. The bi-cubical boundary curve network is connected side-by-side. After boundary 
curve network construction, the initial bi-cubical NURBS surface patches are generated, 
and then the G1 continuity condition is applied to them for generating the G1 surface 
model.  

In this section, we give a detail of the method to generate the G1 bi-cubical NURBS 
surface. Let the two initial bi-cubical NURBS surface  and  are: 1( , )S u v 2 ( , )S u w

, , ,3 ,3
0 0

1

, ,3

( , )
( )

i j
n m

i j i

S u v
a N u N

= ==

∑∑
    (3.1

,3
0 0

( ) ( )

( )

n m

i j i j i j

j
i j

a P N u N v

v
= =

∑∑
5) 

, , ,3 ,3
0 0

2

( ) ( )
( , )

n r

i k i k i k
i k

b Q N u N w
S u w = ==

∑∑
   (3.16) 

, ,3 ,3
0 0

( ) ( )
n r

i k i k
i k

b N u N w
= =
∑∑
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B
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respectively.  knot 

Figure 3.18 NURBS surface patches of S1(u, v) and S2(u, w)  

Where ,i jP  and ,i kQ  are the control points of the surface 1( , )S u v  and 2 ( , )S u w , ,i ja  and 

,i kb  are the weights of ,i jP  and ,i kQ , w1( , )S u v  and 2 ( ,S u )  have the same
vector { }1s  0,  0,  0,  0,  s ,=

knot vector {
2 s ,.. n 3,  1,−.,  s  1,  1,  1

 

in the direction of u; another direction we take 

}1 2 m 3t ,  t ,  1,  1,  −=  0,  0,  0,  0,  t ,...,  t 1,  1  and { }1 2 r w ,..., w ,−3 ,  1 . w  = 0,  0,  0,  0,  w ,  1,  1,  1

The surface 1( , )S u v  and 2( , )S u w  have the common boundary curve 0l , that is when v = 1 and 
w = 0 to any u  [0, 1] (see Figure. 3.18). Following the analysis by Cheng et al. [80] [81] 
the continuity condition of bi-cubical NURBS surface patches are: 

Theorem 1: To any , if surface  and  satisfy: , i 1( , )S u v 2 ( , )S u w 0im iP Q= 0im ia b=  
( 0,1,2,3,..., )i n= , then 1( , )S u v  and 2 ( , )S u w  are C0 continuous on their common boundary 
curve. 

Theorem 2: To any , if surface  and  satisfy: , i 1( , )S u v 2 ( , )S u w 0im iP Q= 0im ia b=  
com( 0,1,2,3,..., )i n=

boundary curve. If exist a constant
, that is a 1( , )S u v

 
 and 2 ( , )S u w  are C0 continuou  s on their mon 

β , such that: 

1 1 0

1 1 1 1 0 0

( )
( )

im im i i

im im im im i i i i

a a b b
P a P a Q b Q b

β
β

−

− −

− = −⎧
⎨ − = −⎩        0,1,2,3,...,i n=   (3.17) 

Then and  are G1 continuity on their common b1( , )S u v 2 ( , )S u w oundary curve. 
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3.7 Implementation  

In this section, the implementation of the proposed method is described. To implement the 
proposed method, we used C++ programming language with the visual studio 2008 C++ 
compiler under Window vista operating system. The application uses GLUT and OpenGL 
[82] for geometry rendering. We used OpenCV [83] for implementing the image 
processing methods. For visible point selection, Qhull algorithm [84] is called to construct 
the convex hull for checking the visible point. We used the Rapidform.dll to construct a 
freeform surface and NLib [85] to construct a primitive shape surface. The basic layout of 
the developed software is shown in the Figure 3.19 

 

ion are presented in the 

3.7.1The softwar

The main software is a Microsoft Windows application used for reconstructing a CAD 

sets of tools: poi ool, cu ation to
e d s

In order to construct a CAD model from industrial CT-scanned data, the user loads a stack 
of CT images of an industrial component to the data base then uses a function to generate 
the point cloud and feature points. The point cloud wi ept in the data  or m
export as the point cloud stream, such as .PLY file. Next, the user uses tools to select a set 

 modeling 
ions ar rformed inally, the 

reconstructed CAD model is exported to main stream CAD packages such as IGES etc.  

Figure 3.19 Basic layout of the developed software 

The rest of this section describes the framework and the details of the developed software. 
For the experiment results of the proposed CAD model reconstruct
next chapter. 

e  

model from industrial CT-scanned data. The software consists of a main window and three 
nt selection t rve cre ol and surface reconstruction tool. The 

user can use the tools to process th ata for recon tructing a CAD model.    

ll be k base ay be 

of points for boundary curve creation and surface reconstruction. Then the
operat e pe  to generate the final watertight surface model. F
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3.7.2 Software GUI  

 

Figure 3.20 Graphic user interface of our implementation 

In this section the graphic user interface (GUI) components of the developed software are 
briefly described. The main areas of the interface are the Main Menu, Expanded Toolbar, 
Status Bar, Model  shows a screen 
capture of the main window user interface highlighting these areas.    

at displays a hierarchical list of model information i.e. the number of point 
cloud, the number of feature point, the number of curve and the number of surface. By 

 user can expand and collapse the associated list of sub-items. The user 
also can manipulate a model by left clicking an item and select the available functions i.e. 

. The selected 
point cloud is represented by green point. The top-left of MD shows a frame per second 

 Tree Control and Model Display (MD). Figure 3.20

The Model Tree Control section is shown in the left of main window. Model Tree control 
is a window th

clicking an item, the

hide, delete and export.       

Model Display (MD) is where data of the model (e.g. a point cloud, curves, and surfaces) 
are displayed. The point cloud is black point and the feature point is red point

rate and at bottom-left of MD shows the world co-ordinate. The MD allows the user to 
rotate and change the viewing point by mouse moving and rotating or the short cut key.  

The Expanded Toolbar contains buttons that offer shortcuts to the most frequently used 
functions of the software. The Expanded Toolbar offers the options of changing the 
viewing point, creating a new MD, saving a model to a stream file and loading a model 
from a stream file.  
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Status Bar contains three main sections: 

• Processing status section: This is the left side of the bar. In the Figure 3.20, the 
status of main window is being ready.  

• Processing time section: This section is used to inform the processing time. When 
loading the data, this section shows the progress bar.   

• Information section: This part of the toolbar is used to inform the processing stage 
and pressing key.  

The Main Menu contains three sets of tool: point selection tool, curve creation tool and 
surface reconstruction tool. In the next section, we will discuss the functionality of each 
tool   

3.7.3 Tool reference   

3.7.3.1Point selection tool  

For the point selection tools, we have developed three groups of point selection tools:     

 

Figure 3.21 Point selection tools 

• Shape selection group: The shape selection group is used to select a set of points by 
drawing a spatial primitive shape on the screen. Shape creation is a simple point 
and click process. The first step is to draw a certain primitive shape on the Model 

he 

on tools: These tools have developed for the specific task as follows:  

Display (MD) of the main window. The selection tool analyzes the point could 
contained in a specific area of the defined primitive shape for selection. The 
available primitive shapes are Circle, Free Hand, Paint Brush, Polygon and 
Rectangle shape.  

• Selected point manipulation group: This group provides the function to manage t
selected point i.e. Deselect: unselects the selected point, Inverse: unselects the 
selected points and selects the other points, Flood fill: selects all point and Delete 
selected point: deletes the selected point from the data base.  

• Other selecti
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o Select the points in side a hole for the phantom model:  This tool is used to 

olume construction from a set of selected 

vides the parameter windows as shown in the Figure 3.22.  

select a set of points in a hole for the phantom model by using the 3D 
volume selection technique, which is explained in the previous section. The 
method starts with the sphere v
feature points and then selects the points, which locate in the constructed 
sphere volume.      

o Visible point set selection: As discussion in the previous chapter, this tool is 
used to select a set of visible points using a given viewing point. The 
software pro

 

Figure 3.22 Parameter windows for visible point selection method 

The radius is computed as the distance between the viewpoint and its 
farthest point and then adjusted with a parameter (threshold) inserted by the 
user. Radius = distance between the center and its farthest point 
*10^threshold. The user may select to reset the selection status and defined 
the down sampling rate.  

3.7.3.2Curve creation tool 

 

Figure 3.23 Curve creation tools 
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For the cur

• Basic c

sing the curve approximation method.   

ting 
curve by the interpolation method as shown in the Figure 3.24. The user 
may select to create the closed B-spline curve. The process is finished when 
the user clicks the ok button and then the created B-spline curve will be 
added to the database.   

ve creation tool, we have developed three groups of tool that are listed below:     

urve creation tool: these tools create a B-Spline curve by using the 
following methods:     

o Curve Approximation: This tool creates a B-spline curve from a set of 
selected points by u

o Curve Interpolation: This tool provides a flexible method to specify a B-
spline curve. This curve creation method is the interactive process; the 
software lets the user click to select a point and represents the crea

 

Figure 3.24 an illustration for curve interpolation 

• Curve Fitting: These tools let the user defines a B-spline curve on the point cloud 
by curve fitting method. The user firstly selects a set of point and defines the 
parameters then a B-Spline curve is created. The available curve shapes are Circle 
curve and Line curve.  

• Other curve construction: These tools have developed for the specific task to create 
a B-Spline curve.    

o B-Spline curve from surface intersection: This tool creates a B-Spline curve 
(trimming cu e two selected surfaces.  rve) from the intersection between th
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3.7.3.3Surface reconstruction tool  

 

Figure 3.25 Surface reconstruction tools 

For the surface reconstruction tool, we have developed four sets of tool that are listed 
below:  

• Freeform surface approximation: This tool is used to reconstruct a freeform surface 
from a set of selected point and the four created boundary curves. The application 
provides the parameter windows as show in the Figure 3.26. The user can define 
the parameters to construct the surface i.e. the No. of selected curve.  

 

Figure 3.26 Parameter windows for the freeform surface feature reconstruction 
method 
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• Geometrical primitive shap ce onstruction: These tools reconstruct the surface by 
using the method described in the previous section. The available primitive surfaces 
are i.e. Sphere shape surface, Rectangle plane surface, Cylinder shape surface and
Cone shape surface.   

• Trimmed Surface: These tools are used to trim the reconstructed surface by the 
selected surface and curve. The available function tools are i.e. making a hole on 
the selected surface and making the outline surface.    

• Surface continuity: This tool is used to connect two bi-cubic NURBS surfaces by 
using the NURBS surface continuity condition in the previous section for making 
the G1 surface model.  

 

 

Figure 3.27 An illustration for geometrical primitive shape construction 
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CHAPTER 4  

EXPERIMENTAL RESULT  

In this chapter, we present the experiment results and explain the CAD model 

in the section 4.3. Finally, the validation of 
G1 surface model construction is presented.  

4.1 Point cloud and feature point generation 

From the proposed method, we have implemented the point cloud and the feature point 
generation method. The implementations of the point cloud and feature point generation 
are tested with CT-scanned data of industrial components. We selected four example 
models for the experiment i.e. Phantom, Prism, Piston and engine block model. The four 
industrial components represent a various type of industrial components. The engine block 
and piston model are more traditional mechanical parts, which comprise freeform surfaces 
only. On the other hand, the Phantom and Prism model can be decomposed to primitive 
shape surfaces.    

In this experiment, we used the level set method to segment the industrial CT-scanned data 
and the threshold values of sign distance are 

reconstruction for the example industrial components. In order to demonstrate the 
implementation of our proposed method in this research, a stack of CT images is used to 
reconstruct a CAD model by the developed software in the chapter 3.  

This chapter is organized as follows: Firstly, we present example results of the point cloud 
and feature point generation method for the example models. Then, we present the result 
from the experiment of visible point set selection. The model reconstruction of the example 
model is described and the results are presented 

1 1/ 3ω =  and 2 1/ 3ω =  for the point cloud 
and feature point generation. The results of 
shown in the Figure 4.1 and Figure 4.2 respectively. The gray points are the generated 
point cloud and the red points are the generated feature points. 

Because of the size of scanned data is very huge, we also took the experiment with the 
down-s eature 
eneration process. The number of the generated point cloud and the generated feature 
oints are presented in the Table 4.1.     

Table 4.1 Number of the generated point cloud and the generated feature points 

the point cloud and feature point generation are 

ampling of the industrial CT-scanned data for the point cloud and the f
g
p

 Original Size ½ down sampling ¼  down sampling 

Point Feature Point Feature Point Feature Model (Images× Rows×Cols ) 
cloud point cloud point cloud point 

Phantom (250×300×300) 329409 5834 40931 790 6182 177 

Prism (288×300×300) 127854 2639 22093 241 4004 52 

iston (213×291×291) 309346 3112     

Engine Block (258×258×258) 625731 8417 80312 975 11054 96 

P
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(a)      (b) 

 

(c)     ) 

rated p ud (a ntom el ( rism l  (c) n 
model  (d) Engine block model 

 (d

Figure 4.1 The gene oint clo ) Pha  mod b) P  mode Pisto

55 
 



 

(a)      (b) 

 

(c)      (d) 

Figure 4.2 The generate del (b) Prism model (c) 
Piston model (d) Engine block model  

 

 

d feature points (a) Phantom mo
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From the Table 4.1, the generated point cloud from the original scanned data of each 
model is very dense and all of them have over one hundred thousand points. We also took 
the experiment with the down-sampling of the scanned data for the point cloud and the 
feature point generation process to reduce the processing time of rendering for improving 
the interactive process. However, the generated point cloud and feature point from the 
down-sampling of the scanned data will lose the detail of the surface. So, the point cloud 
and feature point should be generated from the original scanned data for the surface 
reconstruction process.   

The results of the point cloud and feature point generation process have some noises in the 
final results and no connectivity of the generated feature points. For these problems, the 
proposed method lets the user selects a set of point for surface reconstruction. So the 
proposed method can generate the model without the effect of noises and the connectivity 
of the generated feature points is not necessary for the surface reconstruction process. 
Therefore, in conclusion, the proposed method can generate the point cloud and the feature 
point from a stack of CT images. 

4.2 Visible point set selection  

After the point cloud t of points for 
surface/curve creation p ended on 
a set of selected points. To select the visible point sets, we have implemented the visible 
point set selection method to select only the visible point set from a given viewing point.  

This section presents the results of testing the implementation of visible point set selection 
method with the generated point cloud from the proposed method.  The Figure 4.3 shows 
the result of testing the implementation visible point set selection method with the 
generated point cloud from ours method (Piston model), the green points are the selected 
points and the black point is the point cloud.  

 and feature point generation stages, the user selects a se
rocess and the quality of the reconstructing surface is dep

 

(a)                  (b) 

igure 4.3 The point selection by the visible point selection from Z axis (a) and (b) 
piston model [down sampling = 5, threshold = 2] 
F
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As previously explained, the complexity of the Hidden Point Remove (HPR) operator 
is ( log )O N N , where N is the number of points in the point cloud. The visible point set 
selection method cannot process in a few second for the original generated point cloud 
because of the number of the generated point cloud is very huge.  

   
(a)                                   (b) 

   
(c)                                            (d) 

Figure 4.4 Down Sampling and visible point selection (a) Down sampling by 5 (b) 
Down sampling by 10 (c) Down sampling by 20 (d) Down sampling by 50 

Because of the visible point set selection method takes a long time to process the original 
generated point cloud, we have modified by using the down-sampling method to reduce the 
number of point before processing and we also tested the down-sampling of the generated 
point cloud with the visible point set selection method. The result of applying the sampling 
method is shown in the Figure 4.4. As you can see in the Figure 4.4, the selected point 
cloud lost the detail of the surface. We also take the experiment with the down-sampling of 
the scanned data. The processing time of visible point set selection with the down sampling 
of the scanned data are shown in the Table 4.2.  

Table 4.2 Processing time of visible point set selection 

Model Original size ½ down sampling ¼ down sampling 

Phantom N/A 53.57 s 3.54 s 

Prism N/A 22.93 s 1.08 s  

Piston N/ N/A N/A A 

Engine block N/A 57.33 s 5.51 s 
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From the Table 4.2, the visible point set selection method is impossible to process in 
int anner. In conclusion, the visible point set selection method can be used to 
select the visible points, if the good down sampling parameter is selected but the selected 
points will lost the detail of surface and the down-sampling meth

eractive m

od should be applied to 
reduce the number of input point for processing.  

4.3 Model reconstruction  

We tested CT-scanned data of three industrial components to demonstrate the applicability 
of our method. In this section, we describe the CAD model reconstruction process of the 
phantom model and present the results of reconstructing a CAD model of three industrial 
components. The first example was the phantom model shown in Figure 4.9. This model 
can be decomposed to six planes and 150 hemispheres (trimmed sphere).  

 

   (a)     (b) 

Figure 4.5 The illustration of the CAD model reconstruction process for the phantom 
model (part I) (a) The selected points used the visible point set selection method (b) 
The reconstructed plane feature 
For the CAD model reconstruction process of the phantom model, the generated point 
cloud and feature points are shown in the Figure 4.9 (a). The visible point set selection 
method is applied to select a 
Figure 4.5 (a). W  a plane surface 
f  selected points, as  Figure 4

To reconstruct the hemi-sphere surface, we selected a set of points in a hole by the 3D 
volume selection method, which is presented in chapter 3, and then constructed the sphere 
feature from the selected points (see Figure 4.6(a) – (b)). Next, we constructed an 
intersection curve from the sphere surface and plan surface and we constructed the hemi-
sphere surface by trimming the constructed sphere surface with the constructed intersection 
c processes are show the Figure 4.6(c)

set of points for constructing a plane feature as shown in the 
e then applied the plane feature construction to construct

rom the shown in the .5(b).    

urve. These n in  – (d).  
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(a)            (b) 

        
(c)          (d) 

Figure 4.6 The illustration of the CAD model reconstruction process for the phantom 
model (part II) (a) The selected point in a hole by the 3D volume selection method (b) 
The reconstructed sphere feature (c) The intersection curve between the sphere and 
plane feature (d) The trimmed surface of sphere feature 

This process is repeated for all of the holes of the phantom model. Finally, we trimmed the 
plane feature by the created intersection curves (see Figure 3.16). The Figure 4.7 shows the 
reconstructed surfaces for one face of the phantom model. The Figure 4.8 shows the 

d model.  generated point cloud, the generated feature points and the reconstructe

 

Figure 4.7 The reconstructed surfaces for one face of the phantom model 
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(a)                                                  (b) 

 

(c) 

Figure 4.8 The results for the phantom model (a) The generated point cloud (b) The 
generated feature points (c) The reconstructed model  
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(a)                                                  (b) 

 

(c) 

Figure 4.9 The results for the prism model (a) The generated point cloud (b) The 
generated feature points (c) The reconstructed model 
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(a)                              (b) 

   
(c)                        (d) 

  
(e) 

Figure 4.10 The results for the master cylinder model (a) The generated point cloud 
(b) The generated feature points (c) The created boundary curve network (d) The 
reconstructed free form surface features (e) The final reconstructed model 
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Figure 4.9 shows another example model, a prism model, which illustrates the results 
obtained from another industrial component model. First, five plane features were 
constructed and the final model was produced by applying the surface trimmings.  

The third example is the master cylinder model shown in Figure 4.10, which comprised 
three cylinder and 37 freeform surface features. Figure 4.10(c) shows the boundary curve 
network used to construct the freeform surface features (see Figure 4.10(d)). The model 
reconstruction required about 5 h and most of this time was spent generating the freeform 
surface features. The freeform surface features were constructed using the method 
presented in the Figure 3.8. Surface trimmings were performed after reconstructing the 
three cylinder features and the freeform surface features.    

Table 4.3 Configuration of the model and the number of surface patches of the 
reconstructed model 

Model Size 

(Images× Rows×Cols ) 

Numb

of 

the point cloud 

 

of 

Feature points  

Number  

of 

Surface patches 

er  Number 

Phantom 250× 300×300 329,409 5834 154 

Prism 287× 300×300 176,142 2639 5 

Master 
cylinder 

100× 1024×1024 1,031,416 150958 40 

     

Table 4.3 summarizes the model configura n and the number of surface patches of the 
reconstructed model. The second column sho of the industrial CT-scanned 
data. The third and fourth columns show the numbers of the point cloud and feature points 
generated. The last column shows the number of surface patches of the reconstructed 
model. 

Table 4.4 Processing time 

Model Segmentation 

Method 

Surface Point 

Generation (s) 

Feature Points 

Generation (s) 

Rendering  

(s/frame) 

tio
ws the resolution 

Phantom Level set Method 820.27 183.57 0.0214 

Prism Level set Method 810.51 152.93 0.0051 

Master 
cylinder 

Thresholding Method 

( Threshold velue=30577) 

1440.36 526.06 0.0346 
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Table 4.4 shows the CPU times required for surface point generation, feature point 
generation, and rendering. The CPU times described in this paper were performed on an 
Intel Core i7-3632QM 2.20 GHz with 4 GB of RAM. We used the thresholding method to 
segment the master cylinder model because we generated a subset of point cloud from the 

4.4 Validation  

The main objective of this expe  the accuracy of our method in 
reconstructing the geometric primitive feature. The cylinder feature construction was 

ed at the hole of the master c odel (see Figure 4.11).   

In this dataset, the voxel size was 0.25724 mm × 0.25724 mm × 0.25724 mm. The 
resolution of this dataset was 1024 voxels  
heights). The cylinder feature was c  a o  

volum nique, i. linder volu as constructe m the 
ature e the po for selecti  extracted the radius of 

onstructe compare  the actua ured hole-rad  of the 
ial comp  extracte is-normal vector and the centre of the 

ted cy h wer ce the v  data.     

Table 4.5 The recovered parameter and the actual parameter 

Measurement Normal Center Radius 

ROI during model reconstruction and the level set method could not produce the result. 
The third and fourth columns show the processing times required to generate the point 
cloud and feature points. Point cloud generation was much more time-consuming than 
feature point generation because it required an iterative procedure to calculate the signed 
distance field. The fifth column shows the times required to render the point cloud and the 
feature points for full model.  

riment was to validate

perform ylinder m

× 1024 voxels 
onstructed from

× 818 voxels (rows 
set of selected p

× columns ×
ints using the 3D

primitive 
selected fe

e selection tech
 points to analyz

e., the cy
int cloud 

me w
on. We

d fro

the rec
industr

d cylinder and 
onent. We also

d it with
d the ax

l meas ius

construc linder feature, whic e used to sli olumetric

Method (Nx, Ny, Nz) (Row, Column, Height) (mm) 

Actual size - - 8.600 

Proposed 
method 

(0.4496563, 0.890525, 
0.0696979) 

(773.828, 565.209, 
657.108) 

8.5918 

    

Table 4.5 shows the recovered parameters and the actual param
the measured radius of the hole from stri e e 

 Mach  second c is the ax l vector of the 
ted cyl  fourth co ow the ce  the rad e 

ructed cy e error 
reconstructed using our proposed method was 0.0082 mm. We consider that 1.0 × 10  mm 

 a low ounding s known n a cyli  
ll height fits to the point clouds, the unstable convergence may be observes in the 

non-linear o r of the fitted parameter values might become 
unavoidable. However, this phenomenon was not observed in this example. 

eters. The first row shows 
al part using ththe actual indu  Coordinat

Measuring
reconstruc

ine (CMM). The
inder. The third and

olumn 
lumns sh

is-norma
ntre and ius of th

reconst linder feature. Th of the extracted radius in the cylinder 
–2

was only
very sma

 value because of the r  error. It i that whe nder with

ptimization, and the erro
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(a) 

 

(b) 

Figure 4.11 The cylinder feature construction (a) The point cloud and the constructed 
cylinder feature (b) The feature points and the constructed cylinder feature 
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Figure 4.12 Slice of the volumetric data along the measured normal vector and the 
center 

Figure 4.12 shows the sliced volumetric data using the extracted normal vector and the 
centre. The top left, top right, and bottom left of the graphical user interface show the 
slices from the front, right, and top view, respectively. The bottom right window shows the 
volume rendering. To validate the measured cylinder axis direction, we used the measured 
value for adjusting the alignment of the volumetric data and then the volumetric data is 
sliced at the measured cylinder center. So, the coordinate system should be paralleled to 
the surface of the model and the origin of the coordinate system should be located at the 
centre of hole.  

Our proposed method produced a very good result because of the coordinate system was 
closely paralleled to the surface of the model. From the experiment result, the surface of 
the model was closely parallel to the axis line (see the top left of the graphical user 
interface in Figure 4.12) because the points inside the hole were used for cylinder 
construction. 

In conclusion, the error of the extracted radius in the cylinder reconstructed of our 
proposed method was 0.0082 mm and the result of slicing the volumetric data using the 
measured parameters (normal vector and th nter of the reconstructed cylinder feature) 
give a good results. So we can summarize that the proposed method can recover the 

 

e ce

primitive shape parameters of the scanned model.   
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4.5 Surface continuity 

The freeform surface patches in the reconstructed model used our approach shared a 
common boundary curve and the trimmed surface patches used the inter-common 
boundary curve. Therefore, our approach is guaranteed to reconstruct a C0 continuity 
surface model.   

Our approach is guaranteed to produce a C0 surface continuity model, whereas industrial 
applications require G1 surface continuity models. However, it is not necessary to obtain 
the primitive shape surface and the trimmed surface to have G1 continuous across the 
surfaces. Therefore, G1 continuous is a requirement for freeform surface patches. In this 
section, we present the experimental results of testing the implemented method to generate 
G1 surface for the initial bi-cubic surfaces, which is explained in the Chapter 3. In this 
experiment, we assumed a cubical boundary curve networks covers the model and the 
cubical boundary curve networks are side-by-side connected, as in the Figure. 4.13. 

 

Figure 4.13The tested cubical boundary curve network 

Initial approximation bi-cubical surface patches are reconstructed to generate the final G1 
1

lack of continuity: in this case all the 
flection lines have C0 continuous, demonstrating the surfaces have G1 continuous.     

surface patches. After the initial surface patches are reconstructed, we applied the G  
continuity condition to generate the G1 surface model. 

To validation the G1 continuous of the reconstructed model, we have generated reflection 
lines on the reconstructed surfaces. Reflection lines have one degree less continuity than 
the correspond surfaces, and thus emphasize any 
re
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(a) 

 

(b) 

 

(c) 

Figure 4.14 C0 surfaces for the free-from shape industrial model (a) Shade C0 surfaces 
(b) Reflection line of C0 surfaces (c) Control points of the C0 surfaces 
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(a) 

 

(b) 

 

(c) 

Figure 4.15 G1 surfaces for the free-from shape industrial model (a) Shade G1 
surfaces constructed after applied the proposed method (b) Reflection line of G1 

surfaces constructed after applied the proposed method (c) Control points of the G1 
surfaces 
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Figure 4.15 shows an example result of our approach to generating G1 surface patches on 
an industrial part model, the master cylinder model. The input is a set of bi-cubical surface 
patches (see the Figure 4.14(a)). The output after the method is applied to generate G1 
surface is shown in the Figure 4.15(a), where all the reflection lines have C0 continuity on 
the final surface (see Figure 4.15 (b)).   

Therefore, applying the methods in [80] and [81], the proposed method can produce the G1 
surface model for the bi-cubical surface model, which is widely used in the CAD 
manufacturing. For the G1 surface model in a general case, we plan to develop the 
proposed method in the future work. 
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CHAPTER 5  

CONCLUSION AND RECOMMENDATION 

This chapter summarizes the proposed CAD model reconstruction method from industrial 
CT-scanned data and the experimentation of the proposed method. We then provide the 

ed a method for reconstructing a CAD model from 
dustrial CT-scanned data for reverse engineering application purposes. The input of our 

method is a stack of CT images and the output is a reconstructed CAD model, which is the 
ombination of surface features and geometrical primitive features. The proposed method 

is robust, efficient and produces results that retain the sharp feature and can be used in 
AD manufacturing.  

he proposed CAD model reconstruction method starts with the point cloud and feature 
point generation, then two types of feature reconstruction schemes are applied to 

construct the surfaces of the model. For the geometric primitive feature construction, a 
e constructed from a set of selected feature points is used to analyze the 

oint cloud for selection. Then, the selected points are used to construct the geometric 
rimitive feature, which is generated using the recovered primitive parameters. For the 
rface features, the user selects the region of interest (ROI) to generate a subset of the 

oint cloud. Then the user creates four boundary curves of the subset of the point cloud 
nd selects a set of points, which is located inside the four created boundary curves, and 
e freeform surface is generated from the selected points and the four boundary curves. 

odeling operations, such as surface trimming and surface deformation, are 
erformed to generate the final model. For the surface trimming, the intersection curve 

between two features is computed to create a B-Spline curve. However, our method has the 
llowing features.  

• Our method directly uses the coordinates of surface voxels to reconstruct a CAD 
model without a polygon meshes model construction. The point cloud is generated 
by interpolating the coordinates of surface voxels with the CT values.    

• To segment the point cloud, a set of feature points is selected by using several 2D 
selection techniques to construct a 3D primitive volume to select a set of points 
from the point cloud for constructing a geometric primitive feature. 

• Our method recovers the overall information of primitive shape and uses the 
extracted primitive shape parameters to construct the surface of the geometrical 
primitive feature.  

• For the freeform surface feature, a subset of the point cloud is generated from the 
ROI and then four boundary curves are created manually by the user. Finally, a set 
of points is selected for constructing a freeform surface.     

• Our algorithm generates a freeform surface feature using an approximation surface, 
which yields a better inner shape than a bilinear blended Coons surface.   

recommendations for the future works.    

5.1 Conclusion  

In this dissertation, we have present
in

c

C

T

re
3D selection volum
p
p
su
p
a
th
Finally, m
p

fo
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• The reconstructed m feature types (geometric primitive 
features and surface features), which are more suitable for industrial applications 
than models m

ull algorithm i.e. qhull. The deeper detail of the 

 the proposed can produce the G1 surface model for the bi-

e point selection method 

 the point 
selection process are a worthwhile area for the future research.  

] (see Figure 5.1) of normal vector and the threshold angle to 
analyze the point cloud for selection. Another example is to select a set of points 

nectivity to make the 
selection: To analyze the point cloud by using the index of surface voxel for 

odel contains various 

ade of freeform surfaces alone.    

We have implemented the proposed method by C++ programming with geometric library 
i.e. Nlib and Rapidform.dll, Open Graphic libray i.e OpenGL and GLUT, Open Source 
computer vision i.e. OpenCV and quick h
implementation is presented in the chapter 3. 

We tested three example models to demonstrate the performance of our method and we 
compared the recovered parameters with the actual parameters to validate the accuracy of 
our method. The proposed method produced a very good result with the error less than 1.0 
× 10–2 mm in our experiment. We also tested the implementation of the G1 surface model 
reconstruction by using the method in [80] [81]. We validated the G1 continuous by 
generating the reflection lines on the reconstructed surfaces of the model. The 
reconstructed CAD model from
cubical surface model 

In this research, we worked in collaboration with the 3DII company [86]. Thought the 
VX3D software [87], the software can be used for the visualization and analysis of CT-
data. The developed software in this research is belonging to the CADITLAB [88]. For the 
next phase of the software development is to develop standalone software without the 
commercial library.       

5.2 Recommendation  

The proposed method has several limitations and many stages need to be improved. In this 
section, we discuss the future work for improving the various stages and algorithms of our 
method as well as some exciting research areas. 

5.2.1 Developing th

From the user experience, we have found that the precisely point selection is one of the 
bottleneck steps of our proposed method. Most of the processing time is spent to carefully 
select a set of wanted points. Therefore, the methods that further assist in

The bellowed list is the three directions where the point selection process can be further 
improved: 

• Using the geometric property of the point cloud to make the selection: One 
example is to analyze the normal vector of the point cloud for selection or use the 
dihedral angle [89

from the point cloud by using a curvature property of the point cloud.    

• Using the surface voxel index information as the con

selection.   
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Figure 5.1 Using the dihedral angle to analyze the point cloud for selection 

• Improving the visible point selection performance: allow the user selects the 
portion of visible point set and improve the processing time by a parallel processing 

onstructing model may have a complex shape 
eometry. Moreover, to create a complex shape with the proposed 

method can be cumbersome and required a long time for surface structure organization. 

method.   

5.2.2 Automatically creating a freeform surface feature  

In the proposed method, we generate a subset of the point cloud for manually creating a 
freeform surface feature. However, the rec
relative to the surface g

Therefore, to improve the freeform surface feature creation, an automatically method for 
creating a freeform surface feature [93] is a worthwhile area for the future research.  

 

(a)    (b)  

Figure 5.2 An example of the point cloud segmentation (a) Input: The point cloud. (b) 
Output: Subsets of the point cloud [90]   

74 
 



For automatically generation a freeform surface feature, an automatically point cloud 
segmentation method is applied to this process with the main objective to segment the 
point cloud into subsets of point cloud (see Figure 5.2.), where is the points in each region 
and their underlying surface have the same color.  

 

point cloud will be segmented by partition the domain into a cubical grid. Then the 
determined geometric properties and the surface patch compatibility will be used to grow 
and merge a subset region of the point cloud.  

After the region growing process, the result of the method is subsets of the point cloud in 
which each subset is geometrically compatible with a single freeform surface feature. This 
flowchart is followed to the previous work [93]. However, the previous work proposed the 
method for the Bezier surface patch and work with the sample points. So, we have to 
modify the method before applying to our approach.  

After this process, we can reconstruct a freeform surface feature for each regions of the 
original point cloud because of each region is compatible with single freeform surface. 
Therefore, the user does not need to manually organize the surface structure to cover the 
point cloud and the point selection can be automatically processed.   

5.2.3 Freeform surface patch continuity  

Our approach is only guaranteed to produce a C0 surface continuity model, whereas 
industrial applications requ ally, the bi-cubical 

model.   

Figure 5.3Flowchart of surface extraction method from the point cloud    

For the point cloud segmentation method of the future research work  (see Figure 5.3): The 
geometric properties such as normal and the curvature of point, using the algebraic point 
set surface method [90] [91] [92], are determined from the generated point cloud to find 
the seed region for using in the region growing and region merging processes. Initially, the 

ire G1 surface continuity models. Typic
surface is widely used in the product design process for many CAD manufacturing. 
Therefore, we use the method in [80] [81] to generate the final bi-cubical G1 surface 
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However, many researchers [94] [95] [96] [97] [98] [99] have proposed methods that 
satisfy the G1 condition between surface patches. At present, no previous studies have 
addressed the practical construction of G1 continuity between B-Spline surface patches in a 
general case. The focus of this study was to develop an algorithm to reconstruct a CAD 
model from industrial CT-scanned data. Therefore, we plan to develop a method for 
improving the continuity between adjacent surface patches to satisfy the G1 continuity 
condition in our future work.  

As in [100], there are two approaches for reconstructing the G1 surface model; the local 
and the global schemes. The global approach will introduces more surface patches and 
more specific case to handle where the local is to determine the control points of the 
neighborhood surface patches, which is simpler and easier than the global scheme. 
Therefore, the future work research should focus to develop a local scheme to reconstruct 
the G1 surface model.   

5.2.4 Improving the processing time of employed algorithm 

A graphics processing unit (GPU) computing is the using of a GPU with a central 
processing unit (CPU) to accelerate general-purpose scientific and engineering 
applications. In this dissertation, we have developed and implemented the proposed 
method based on the sequential processing, except the feature detection process. Thus, 
using the GPU computing or parallel processing can easily improve the performance in the 
term of processing time, efficiency and control.  
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